We examined the effects of 25 d of continuous ultraviolet-B (UV-B) irradiation (0.57 W m 2 ) on cucumber Cucumis sativus L.) seedlings. The leaf areas of all unfolded true leaves and the plant height were reduced considerably by 25 d of UV-B irradiation. In each true leaf, both the epidermal cell area and the total epidermal cell number were reduced after UV-B treatment. The expression of five cell cycle-related genes (Cs Cyclin A [CsCycA], CsCycB, CsCycD3;1, CsCycD3;2, and Cs Cyclin-dependent kinase A [CsCDKA]) in the shoot apical meristem (SAM) was reduced within 48 h of UV-B exposure. These results indicate that continuous UV-B irradiation inhibits the cell cycle in the SAM and thus reduces cell division and cell expansion in true leaves. On the other hand, the number of unfolded true leaves increased after exposure to UV-B for 15 25 d. Furthermore, 60% of the plants produced male flower buds after exposure to UV-B for 25 d. Therefore, continuous long-term UV-B irradiation affects the SAM of cucumber seedlings, resulting in reduced plant growth, but does accelerate various developmental stages.
INTRODUCTION
In higher plants, ultraviolet-B (UV-B; 280 320 nm) irradiation has pleiotropic effects on development, morphology, and physiology (Frohnmeyer and Staiger, 2003) . Exposure to UV-B leads to DNA and membrane damage, reduced photosynthetic activity, inhibition of hypocotyl elongation, stunted growth, reduced leaf area, bronzing, and necrosis (Teramura, 1983; Ziska et al., 1992; Krizek et al., 1993; Teramura and Sullivan, 1994) . Thus, UV-B irradiation inhibits plant growth. In higher plants, leaf growth originates from two fundamental processes, i.e., cell division and cell elongation. Evidence suggests that UV-B irradiation has specific effects on both cell division (Staxén et al., 1993; Logemann et al., 1995) and cell elongation (Ballaré et al., 1991 (Ballaré et al., , 1995 Liu et al., 1995) . In addition, UV-B irradiation was reported to reduce the rates of both cell division and elongation in primary leaves of wheat Triticum aestivum L.) (Hopkins et al., 2002) . Since the period of UV-B irradiation employed in these studies was less than 7 d, the effects of continuous long-term UV-B irradiation on cell division or cell elongation in higher plants remain unclear.
Plant growth is driven by the process of cell division, coupled with the subsequent elongation and differentiation of the resulting cells (Beemster et al., 2003; Jakoby and Schnittger, 2004) . Cell division plays a role in both the developmental processes that create plant architecture and the modulation of plant growth rate in response to the environment (Cockcroft et al., 2000; Beemster et al., 2002) . The normal cell cycle is characterized by a round of DNA replication (S phase) followed by mitosis and cytokinesis (M phase), which are separated by two gap phases (G1 and G2) (Inzé, 2005) . Cyclin-dependent kinases (CDKs) and their cyclin (cyc) partners regulate the G1/S-and G2/M phase transitions as well as progression through, and exit from, the cell cycle (Menges et al., 2002; Beemster et al., 2005; Inzé and De Veylder, 2006) . In higher plants, six distinct classes of CDKs, CDKA to CDKF, have been identified (Vandepoele et al., 2002) . CDKA has been suggested to be an orthologue of yeast Cdc2/Cdc28p and a regulator of G1/S-and G2/M phase progression (Magyar et al., 1997) . In Arabidopsis, CDKA;1 is the sole gene that encodes CDKA and it is expressed throughout the cell cycle (Vandepoele et al., 2002; Menges et al., 2005) . Similarly, the expression and translation pattern of CDKA is constitutive during the cell cycle in tomato (Joubés et al., 2000) . CDKBs are plant-specific CDKs, whose expression is restricted to G2-M phase (Porceddu et al., 2001) . Therefore, CDKBs play a specific role in the regulation of the G2/M phase transition. However, precise functions of other CDKs remain unclear (Mironov et al., 1999 (Mironov et al., 1999) . D-type cyclins, also known as G1 proteins, control the progression through the G1 phase in response to growth factors and nutrients and, therefore, represent key regulators of entrance into the cell cycle (Fuerst et al., 1996; Gutierrez et al., 2002; Shen, 2002; Trimarchi and Lees, 2002) . Analyzing the expression of the cell cycle-related genes described above in UV-B irradiated plants would help elucidate the effects of UV-B irradiation on cell division at the molecular level. Recently, an analysis of the expression of cell cyclerelated genes revealed that UV-B-induced DNA damage results in a delay in the G1/S phase transition in Arabidopsis root tips (Jiang et al., 2011) . However, little is known about the effects of UV-B irradiation on the cell cycle in other higher plants.
Aboveground parts of cucumber (Cucumis sativus L.) seedlings consist of the cotyledons, hypocotyl, and shoot apical meristem (SAM). Although cell division is active in the SAM, this process does not occur in open cotyledons. Therefore, cucumber seedlings represent an excellent system in which to study the effects of UV-B irradiation on tissues in which cell division is active, as well as tissues in which this process is inactive. We previously showed that continuous UV-B exposure of cucumber cotyledons induces endoreduplication, increases peroxidase activity, and causes rapid expansion of the epidermal cells surrounding the trichomes (Yamasaki et al., 2007 (Yamasaki et al., , 2010 . Endoreduplication is an alternative form of the cell cycle in which DNA replication continues in the absence of mitosis and cytokinesis (Nagl, 1976; Barlow, 1978) . However, the effects of continuous long-term UV-B irradiation on the cell cycle of SAMs in cucumber seedlings are not fully understood. In the present study, we exposed cucumber seedlings to UV-B irradiation for 25 d to examine the effects of continuous long-term UV-B irradiation on SAMs and then observed morphological changes in the seedlings and measured the epidermal cell area and total epidermal cell number of the true leaves. In addition, we analyzed the expression of five cell cycle-related genes (CsCycA, CsCycB, CsCycD3; 1, CsCycD3; 2, and CsCDKA) , which were previously isolated from cucumber (Fu et al., 2008; Zhang et al., 2009) , in the SAMs using semi-quantitative reverse transcription polymerase chain reaction (RT-PCR). We discuss the effects of continuous long-term UV-B irradiation on SAMs of cucumber seedlings at the morphological, cytological, and molecular level.
MATERIALS AND METHODS

Plant materials
Cucumber (Cucumis sativus L. cv. 'Santo-suyo No. 2') seeds were purchased from Nakahara Seed Co., Ltd. (Fukuoka, Japan). The seeds were germinated on wet filter paper in a Petri dish at 26°C in the dark for 2 to 3 d, and the seedlings were transferred to plastic pots containing the soil composite Kumiai-Engei-Baido (0.4 g N, 1.2 g P, 0.2 g K per kg; Seishin Sangyo Co., Ltd., Kitakyushu, Japan). The plants were grown under continuous fluorescent light (FLR40SW/M/36-B; Hitachi, Ltd., Tokyo, Japan) in an incubator (LH-200RDS; Nihon Ikakikai Co., Ltd., Osaka, Japan) at 26°C. The photosynthetic photon flux density (PPFD) at the plant surface was approximately 213 mol m 2 s 1 .
UV-B irradiation
The method for UV-B exposure was essentially the same as described in Yamasaki et al. (2007) . When the cotyledon blades were approximately 3.0 cm long, the plants were transferred to a growth cabinet furnished with continuous fluorescent light (FLR40SW/M/36-B; Hitachi, Ltd., Tokyo, Japan) at 25°C, with a PPFD at the plant surface of approximately 160 mol m 2 s 1 . For continuous UV-B irradiation, a sunlamp (FL-20E; Tozai Densan, Ltd., Osaka, Japan) was suspended 7 cm above the cotyledons. Wavelengths below 290 nm were absorbed by covering the sunlamp with a polyvinyl chloride film (cutting sheet 000C; Nakagawa Chemical Inc., Tokyo, Japan). Control plants that were not exposed to UV-B irradiation were grown under another sunlamp covered with a polyester film equivalent to Mylar film, which absorbs all wavelengths below 320 nm (Melinex 516; Imperial Chemical Industries PLC, London, UK). The films were replaced weekly due to decreases in transmittance. UV-B irradiation was conducted for 25 d. The UV intensity was measured using digital UV intensity meters (UV-5.7, UV-6.2, and UV-8.0; MK Scientific, Inc., Yokohama, Japan) and the intensities are summarized in Table 1 . The average intensity of UV-B irradiation was 0.57 0.16 W m 2 . This intensity was approximately the same as the natural UV-B irradiation on a cloudy day in May at Fukuoka (data not shown). Since the UV-A intensity was 0.33 0.05 W m 2 in the control plants and 0.40 0.04 W m 2 in the UV-B irradiated plants, the UV-A intensities were similar between the treatment groups. Thus, the effects of UV-A irradiation were not considered in the present study.
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Observation of cucumber seedlings
To investigate the effects of continuous long-term UV-B irradiation on cucumber seedlings, the cucumber seedlings and unfolded true leaves were photographed with a digital camera (Power shot A95; Canon, Inc., Tokyo, Japan) after UV-B irradiation for 7, 13, 19, or 25 d. Cucumber seedlings without unfolded true leaves were also photographed after 25 d of UV-B irradiation.
Measurement of leaf area and epidermal cell area in true leaves
Unfolded true leaves were excised with a razor blade every second d, and the leaf areas were calculated using "photomeasure" software (Kenis, Ltd., Osaka, Japan). Five true leaves were used to calculate the average leaf area. In cucumber seedlings exposed to UV-B for 25 d, the average area of 50 epidermal cells from five true leaves (ten epidermal cells per true leaf) was calculated using the software described above. Before measuring the epidermal cell areas of the true leaves, the true leaves were treated with 10% (w/v) potassium hydroxide (KOH) until they were decolorized, and they were then stained with 0.005% toluidine blue O for 1 h at room temperature.
Calculation of total epidermal cell number in true leaves
The total epidermal cell number in each true leaf was calculated by counting the epidermal cell numbers in five leaves, with 50 epidermal cell samples measured per true leaf.
Observation of flower buds in cucumber seedlings
To investigate the effect of continuous long-term UV-B irradiation on flowering, cucumber seedlings subjected to 25 d of UV-B irradiation were observed (n 20).
Semi-quantitative RT-PCR analysis
SAMs of cucumber seedlings were irradiated with UV-B for up to 48 h, removed with a scalpel, immediately frozen in liquid nitrogen, and stored at 80°C prior to nucleic acid extraction. Total RNA was extracted from the prepared SAM samples using TRI reagent (Sigma-Aldrich Co., Tokyo, Japan) according to the manufacturer's instructions. The concentration of total RNA was measured by spectrophotometry (V-630BIO; Jasco Co., Tokyo, Japan). Then, cDNA was synthesized from total RNA using ReverTra Ace ® (Toyobo Co., Ltd., Osaka, Japan) and random hexamers in a 20 l reaction volume. PCR was performed with Premix Taq (TaKaRa Ex Taq™ Version, Takara Shuzo Co., Ltd., Shiga, Japan) using 1 l of the cDNA reaction and specific primer sets. The following primers were used: CsCycA-F2, 5 -TCG AAA TGA CAG CTC CAA CA-3 , and CsCycA-R2, 5 -TGC TGG CTG TAT TTT TCT CTG A-3 , for CsCycA (accession number: EW968279); CsCycB-F2, 5 -AAG AAG CTG AGA ACG AGA GCA-3 , and CsCycB-R, 5 -TAC CAC TCC AAC TTC CCA AG-3 , for CsCycB (accession number: EW968280); CsCycD3:1-F2, 5 -TCT GTT TTG GCA ACT GCA AC-3 , and CsCycD3:1-R3, 5 -CTG AAC TGA AAC CTG CGT CA-3 , for CsCycD3;1 (accession number: EW968283); CsCycD3:2-F, 5 -CAG AGA ATG GAG CTT TTG GTT C-3 , and CsCycD3:2-R, 5 -ACA CAA TCG TCC CCA TAT CC-3 , for CsCycD3;2 (accession number: EW968284); CsCDKA-F2, 5 -TGT TGA AGG AAA TGC AGC AC-3 , and CsCDKA-R2, 5 -TCA TTT CGG CAA ATA TGC AA-3 , for CsCDKA (accession number: EW968281); and CsGAP-F, 5 -TGG TGA GAA GGC TGT CAC TG-3 , and CsGAP-R2, 5 -TGG TCA TCA GAC CCT CAA CA-3 , for Cs Glyceraldehyde-3-phosphate dehydrogenase (CsGAPDH) (accession number: HQ156465). The PCR conditions were 94°C for 30 s, 55°C for 1 min, and 72°C for 1 min. The PCR products were separated by electrophoresis on a 2.0% agarose gel and stained with ethidium bromide (0.5 g ml 1 ) for 40 min. The gel was washed with distilled water for 5 min and photographed on a UV transilluminator (M-15, Funakoshi Co., Ltd., Tokyo, Japan). The intensity of the bands was measured using the public-domain NIH Image program (http://rsb.Info.nih.gov/nih-image/, April 15, 2013). CsGAPDH was used as an internal control, and the expression levels of cell cycle-related genes were evaluated according to the ratio of the density of cell cycle-related genes/CsGAPDH.
Before performing semi-quantitative RT-PCR analysis, the number of cycles for each gene amplification was determined from the titration curves of the corresponding RT-PCR products. The signal intensities of the RT-PCR products were expressed in arbitrary units and plotted against cycle numbers (data not shown).
RESULTS AND DISCUSSION
To investigate the effects of continuous long-term UV-B irradiation on cucumber seedlings, we observed their development for 25 d (Figs. 1, 2) . Compared to the nonirradiated plants (control plants), the period in which unfolding of the first leaf occurred was reduced following treatment with UV-B for 5 d (Fig. 2) . This result coincided with that of our previous study (Yamasaki et al., 2007) . The number of unfolded true leaves did not differ between the control plants and plants that were UV-B irradiated for 7 13 d (Figs. 1A, 1B, 2) . Compared to the control plants, the number of unfolded true leaves increased after exposure to UV-B for 15 25 d (Figs. 1A, 1B, 2) . Finally, the number of unfolded true leaves was twice that of the control plants after exposure to UV-B for 23 25 d (Figs. 1A, 1B , 2). These results indicate that continuous exposure to UV-B irradiation over a 5-d period decreases the unfolding of true leaves, whereas continuous exposure to UV-B irradiation over a 25-d period increases the unfolding of true leaves. Thus, the effect of UV-B irradiation on the unfolding of true leaves depends on the length of time the plants are exposed to UV-B irradiation, and only long-term UV-B irradiation resulted in an increase in the number of unfolded true leaves. In 60% of the plants, male flower buds were produced after exposure to UV-B for 25 d (Fig. 1Ca , Cb, Table 2 ). This result indicates that continuous longterm UV-B irradiation accelerates the transition from vegetative to reproductive growth. Since stressors such as poor nutrition and low temperature induce flowering in morning glory (Pharbitis nil) (Hatayama and Takeno, 2003; Wada et al., 2010) , continuous long-term UV-B irradiation may also act as a stressor, thereby leading to early production of male flowers in cucumber seedlings. Thus, continuous long-term UV-B irradiation accelerates the development of cucumber seedlings. However, the leaf area of all unfolded true leaves was reduced considerably by 25 d of UV-B irradiation (Figs. 1A, 1B, 2 ). In addition, the plant height was also reduced following UV-B irradiation for 25 d due to the reduction of internode elongation (Fig. 1Ca, Cc) . To investigate this phenomenon cytologically, we calculated the epidermal cell area and epidermal cell number in each true leaf. In plants exposed to UV-B for 25 d, the epidermal cell area was reduced gradually from the first to the fourth true leaf compared to the control plants (Fig. 3A) . The total epidermal cell number was reduced considerably in each true leaf in plants exposed to UV-B for 25 d (Fig. 3B) .
These results indicate that continuous long-term UV-B irradiation reduces both the division and expansion of epidermal cells in true leaves of cucumber seedlings. In summary, continuous long-term UV-B irradiation affects SAMs and leads to the continuous production of true leaves deficient in epidermal cell number and area in cucumber seedlings. Plants continuously generate new leaves and flowers through the activity of the SAM. It has been known for many years that auxin plays a central role in meristem function and organ formation (Vernoux et al., 2010) . Auxin is not homogeneously distributed in the SAM, and this uneven distribution is thought to affect differential gene expression and patterned growth. UV-B irradiation degrades indole-3-acetic acid (IAA) in sunflower seedlings (Ros and Tevini, 1995) . Reduced IAA concentrations are thought to be responsible for the inhibition of hypocotyl growth. Similarly, perhaps continuous long-term UV-B irradiation degrades the IAA in cucumber seedlings, disrupting the complex regulatory network in the SAM, thereby leading to the production of defective true leaves and stunted stems.
To investigate how continuous UV-B irradiation reduces the division of epidermal cells in true leaves at the Environ. Control Biol. molecular level, we analyzed the expression of five cell cycle-related genes (CsCycA, CsCycB, CsCycD3; 1, CsCycD3; 2, and CsCDKA) in the SAMs of cucumber seedlings using semi-quantitative RT-PCR (Fig. 4) . Because gene expression is affected prior to the physiological and morphological changes in plants, we analyzed the expression of the five genes for 48 h after UV-B irradiation. In the control plants, all five cell cycle-related genes were expressed, but the expression of these varied over the course of 48 h. Compared to the control plants, CsCycA expression was gradually reduced over a 48 h period after UV-B irradiation. Although the expression levels of CsCycB and CsCDKA were greater than those of the control plants after 2 h of UV-B irradiation, the expression of these genes was reduced after 4 48 h of UV-B irradiation. The expression of CsCycD3;1 and CsCycD3;2 was less than that of the control plants in the UV-B irradiated seedlings throughout the 48 h experiment; thus, the expression of five cell cyclerelated genes in the SAM was reduced in response to up to 48 h of UV-B exposure. CycA encodes an A-type cyclin involved in the control of the S-to-M phase (Inzé and De Veylder, 2006) . CycB is expressed specifically during the G2/M phase of the cell cycle and is a marker gene for mitosis (Hemerly et al., 1992; Ferreira et al., 1994) . D-type cyclins (CycDs) are thought to regulate the G1-to-S transition (Menges et al., 2006) . CDKA plays a pivotal role in both the G1-to-S and G2-to-M transition points, and its activity is rate limiting for the plant cell cycle (Hemerly et al., 1995; Inzé, 2005) . Based on the function of the cell cyclerelated genes, our results suggest that continuous long-term UV-B irradiation represses the progression of the cell cycle at the G1, G2, and S phases in the SAMs of cucumber seedlings. This idea is strongly supported by the observation that UV-B irradiation reduces epidermal cell number in the true leaves of cucumber seedlings, as shown in Fig. 3 . Exposure of cells to UV-B (280 nm) or UVC (225, 265 nm) radiation leads to a delay in the onset of mitosis (Carlson, 1976a, b) . Staxén et al. (1993) found that UVA and UVB (280 360 nm) irradiation delays the progression of the cell cycle in Petunia hybrida protoplasts, with the G1 and G2 phases affected as well as the S phase. Thus, UV irradiation was previously shown to suppress the progression of the cell cycle at every point. Recently, it was demonstrated that UV-B-induced DNA damage results in a delay in the G1/S phase transition in Arabidopsis root tips (Jiang et al., 2011) . However, little is known about what causes the cell cycle arrest following UV-B irradiation in other higher plants. Our results show how cell cycle progression is affected by UV-B irradiation at the molecular level in cucumber seedlings.
Vol. 52, No. 1 (2014) Treatment of cucumber roots with benzoic and cinnamic acids induces rapid, dramatic down-regulation of cell cycle-related genes, thus inhibiting root growth (Zhang et al., 2009) . Moreover, the blocking of mitosis caused by benzoic and cinnamic acids also induces an increased level of endoreduplication. Since endoreduplication is an alternative form of the cell cycle in which DNA replication continues in the absence of mitosis and cytokinesis (Nagl, 1976; Barlow, 1978) , the induction of endoreduplication and the reduction of cell cycle progression are compatible events. In the present study, we showed that continuous long-term UV-B irradiation reduces the expression of five cell cycle-related genes in the SAM as well as epidermal cell number in true leaves (Figs. 3, 4) . We previously showed that continuous UV-B exposure induces endoreduplication and rapid expansion of the epidermal cells surrounding trichomes in cucumber cotyledons (Yamasaki et al., 2007 (Yamasaki et al., , 2010 . Therefore, in cucumber seedlings, continuous UV-B irradiation induces endoreduplication in the tissues in which cell division is not active (cotyledons), whereas this treatment reduces cell division in the tissues where cell division is active (SAMs). Thus, the effects of UV-B irradiation on the cell cycle in cucumber seedlings are comparable to those of benzoic and cinnamic acids. UV-B exposure induces the synthesis of flavonoids from shikimic acid in the shikimic acid pathway (Li et al., 1993) ; thus, it is possible that UV-B exposure inhibits the cell cycle in the SAM of cucumber seedlings by inducing the synthesis of benzoic and cinnamic acids in the shikimic acid pathway. The biological significance of the effects of UV-B irradiation on the cell cycle should be studied in more detail.
